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The Rouse model can be regarded as the standard model to describe the dynamics of a short polymer chain
under melt conditions. In this contribution, we explicitly check one of the fundamental assumptions of this
model, namely that of a uniform friction coefficient for all monomers, on the basis of MD simulation data of
a poly(ethylene oxide) (PEO) melt. This question immediately arises from the fact that in a real polymer
melt the terminal monomers have on average more intermolecular neighbors than the central monomers, and
one would expect that exactly these details affect the precise value of the friction coefficient. The mobilities
are determined by our recently developed statistical method, which provides detailed insights about the local
polymer dynamics. Moreover, it yields complementary information to that obtained from the mean square
displacement (MSD) or the Rouse mode analysis. It turns out that the Rouse assumption of a uniform mobility
is fulfilled to a good approximation for the PEO melt. However, a more detailed analysis reveals that the
underlying microscopic dynamics is highly affected by different contributions from intra- and intermolecular
excluded volume interactions, which cannot be taken into account by a modified friction coefficient. Minor
deviations occur only for the terminal monomers on larger time scales, which can be attributed to the presence
of two different escape mechanisms from their first coordination sphere. These effects remain elusive when
studying the dynamics with the MSD only.
PACS numbers: 36.20.Ey: Molecular dynamics of macromolecules and polymers, 61.25.H-: Macromolecular
and polymer solutions; polymer melts
Keywords: Polymer melts, Polymer dynamics
I. INTRODUCTION
The Rouse model1,2 is one of the standard models to
describe the dynamics in a polymer melt of non-entangled
chains. Here, the polymer chain is modeled as a se-
quence of N harmonically linked beads. All intermolec-
ular interactions of the chain are reduced to a frictional
and a stochastic force, both characterized by the friction
coefficient ζ via the Fluctuation-Dissipation Theorem2.
Within this model, ζ takes the same value for all beads
irrespective of the monomer position n. However, when
going to real polymer melts, it is obvious that the indi-
vidual polymer segments along the chain cannot have ex-
actly the same intermolecular environment due to chain
connectivity. A terminal segment has on average more
intermolecular neighbors in its first coordination sphere
than a segment located in the center of the chain. There-
fore, it is questionable if the assumption of a uniform
friction constant along the entire chain as assumed in
the Rouse model still holds for a realistic chain in the
melt.
The dynamics of the chain ends also plays a special role
in the limit of long chains, which is usually described by
the reptation model3. Within this picture, the topologi-
cal constraints imposed by the other chains are modeled
as a tube2, and the tagged chain performs Rouse-like mo-
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tion within this effective tube. Here, the local dynamics
of the chain ends play an important role in a twofold
manner: First, since the chain can only escape the tube
at its ends, one would expect that the dynamics of the
chain ends significantly influences the overall relaxation
mechanism. For example, it has been observed in simu-
lations4–6 that the tube constraints are less pronounced
for the terminal monomers. More recently, it has been
shown7 that exactly this effect also plays an important
role in welding processes of two entangled polymer films
brought into contact with each other, as the initial inter-
diffusion across the film-film interface is highly governed
by the faster chain ends. Improved models for entangled
polymer melts suggest that the tube relaxation is en-
hanced by so-called contour-length fluctuations2, which
have also been observed experimentally8. Here, the mo-
tion of the chain ends leads to a loss of memory of the
initial tube. Second, switching to the surrounding chains
imposing the tube constraint, it was argued that the
chain ends do not contribute to the formation of entangle-
ments, and a revised tube model has been proposed9,10.
Experimental data of a bimodal melt was successfully
interpreted within this concept11.
A different but related interplay of topological con-
straints and chain end dynamics becomes important if
a polymer melt approaches the glass transition tempera-
ture Tg. The dependence of Tg on the molecular weight is
usually described by the empirical Flory-Fox equation12.
Within this picture, the chain ends experience a larger
amount of free volume than the central monomers, lead-
ing to a lower Tg for short chains, which has also been
observed in MD simulations13.
2For all these reasons, the specific role of the chain-
end dynamics as compared to the motion of the central
parts of the chain is a long-standing issue in polymer
science, which has naturally already been investigated
by several experimental14–17 and numerical4–6,18,19 stud-
ies. However, when discussing ‘segmental mobilities’, one
should keep in mind that this expression is used ambigu-
ously in the literature: In its most general meaning, the
term refers to the overall motion of a given segment,
which for longer time scales is not only determined by
the bare Rouse mobility ζ−1, but also by the chain con-
nectivity, which is naturally less pronounced for termi-
nal monomers. Within this context, it is important to
mention that most experiments (such as spin-labeling
techniques14,16,17 or neutron reflectivity15/neutron spin
echo8,11 measurements) as well as standard observables
calculated from simulation data (such as the mean square
displacement4–6,18) quantify the net movement of a poly-
mer segment, and thus rather measure an interplay be-
tween bare mobility and chain connectivity.
In contrast to this, we focus on the microscopic Rouse
mobility ζ−1 free from connectivity effects. In particu-
lar, we check if the classical Rouse assumption of a uni-
form ζ-value for all polymer segments, independent of
their position within the chain (i. e. at the end or in the
center), is fulfilled for a chemically realistic chain un-
der melt conditions. This is a highly pertinent question,
since it is obvious that the intermolecular environment,
which determines the precise value of ζ within the pic-
ture of Brownian motion2, is significantly different for
a terminal and a central monomer. In order to address
this issue, we apply our recently developed method to
determine segmental mobilities (pq-method)20 to atom-
istic MD simulation data of a poly(ethylene oxide) (PEO)
melt. This approach has been devised to extract specific
information about the local friction. The results from the
MD simulations are interpreted within the simpler semi-
flexible chain model (SFCM)21, in which a Rouse chain
is augmented by an additional angle potential, thus in-
corporating chain stiffness.
From a conceptual point of view, we put additional
emphasis on two points: First, to highlight the range of
capabilities of our method, we also apply it to Brownian
dynamics simulations for a simple polymer model and
second, we discuss its information content in comparison
to the standard analysis of the mean square displacement
(MSD).
II. SIMULATION DETAILS
For our analysis, we used MD simulation data of a PEO
melt from a previous study22. Here, the simulation cell
consisted of 16 PEO chains with N = 48 monomers each.
The simulations were performed in the NV T ensemble
with the GROMACS simulation package23 using an effec-
tive two-body polarizable force field24. The temperature
had been maintained at T = 450 K by a Nose´-Hoover
thermostat. Further technical details can be found in
the original study22.
Additionally, we simulated our reference, i. e. the
SFCM21, via Brownian Dynamics (BD) simulations. In
this model, a Rouse chain is augmented by a bending
potential of the form
Uθ({Rn}) = −λ
N−1∑
n=2
(Rn+1 −Rn) · (Rn −Rn−1)
|Rn+1 −Rn||Rn −Rn−1|
= −λ
N−1∑
n=2
cos θn ,
(1)
where the Rn correspond to the position vectors of the
beads (n = 1, 2, . . . , N), and θn is the bonding angle
defined by beads n − 1, n and n + 1. In our present
work, we chose a value of βλ = 2.1 (with β−1 = kBT
being the thermal energy), for which we found that the
characteristic ratio C∞ of the SFCM matches that of the
PEO chains in the MD simulations (C∞ ≈ 3.2). The
semiflexible model chains contained the same number of
monomers as the PEO chains (N = 48). For the friction
coefficient ζ, the temperature kBT and the mean squared
bond length b20, unit values have been used. The model
polymers were propagated by a simple Euler integrator
using an elementary time step of ∆t = 0.0001.
III. PQ-METHOD
Although the pq-method has already been described
previously20, we nevertheless begin with a systematic re-
view. This is mainly due to the fact that we complement
our numerical scheme by additional analytical calcula-
tions in the present article.
The basic idea of our approach is a stroboscopic view
on the local Langevin dynamics of monomer n of a Rouse-
like polymer chain, characterized by the equation
pn(t,∆t) = −An(∆t)qn(t) + noise , (2)
where the definitions
pn(t,∆t) = (1/∆t) [Rn(t+∆t)−Rn(t)] (3)
and
qn(t) = 2Rn(t)−Rn+∆n(t)−Rn−∆n(t) (4)
have been used. In case of the terminal monomers, Eq. 4
can easily be modified according to q1 = R1 − R1+∆n
and qN = RN − RN−∆n (see sketch in Fig. 1). Here,
the parameter ∆n is in practice determined by the local
chain stiffness, which will be discussed subsequently.
For a Rouse chain (∆n = 1), the quantity An(∆t) in
Eq. 2 takes the value k/ζ in the limit ∆t → 0, where
k = 3 (β b2)−1 is the entropic force constant, character-
ized by the average squared size b2 of the Rouse segment.
This is due to the fact that for this particular case, it
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FIG. 1. Sketch depicting the definitions used in the present
analysis for a simplified excluded volume chain. Depending
on the direction in which the center of mass of the subchain
consisting of all monomers within qn moves during time ∆t,
one can distinguish between head (H) and tail (T) monomers
(see text for further explanation).
is possible to interpret Eq. 2 as the discretized Langevin
equation of the Rouse model. For larger ∆t, An(∆t) nat-
urally decreases, as the dynamics of bead n also becomes
affected by the motion of more remote beads, which cause
additional backdragging forces. Note that for finite ∆t,
also the second term in Eq. 2 can be still interpreted as a
random term, at least if averaged over all possible chain
configurations, compatible with a given qn(t).
For polymer chains with a certain stiffness, the pa-
rameter ∆n in Eq. 2 has to be determined to facili-
tate comparison with the Rouse picture. In particu-
lar, it has to be assured that the adjacent bond vec-
tors Rn − Rn−∆n and Rn+∆n − Rn are roughly inde-
pendent from each other in their orientations. Thus,
∆n corresponds to the number of chemical monomers
within one Kuhn segment. We chose ∆n such that
C∞ ≈ [〈(Rn −Rn−∆n)
2〉/〈(Rn −Rn−1)
2〉]1/2 is approx-
imately fulfilled. The characteristic ratio in turn was de-
termined from the mean squared end-to-end vector 〈R2e〉
using the identity C∞ = 〈R
2
e〉/[(N − 1)b
2
0]. Due to the
choice of λ in Eq. 1, the same C∞-value as for the PEO
(C∞ ≈ 3.2) chains was obtained for the SFCM, yielding
∆n = 4 for both systems.
A. Analytical Calculation
In our previous work20,25, we treated Eq. 2 as a lin-
ear regression problem. According to this interpretation,
An(∆t) is simply given by An(∆t) = 〈pn(∆t) ·qn〉/〈q
2
n〉.
Whereas 〈q2n〉 is a trivial normalization factor, all dynam-
ical information is contained in the correlator 〈pn ·qn〉 =
〈pn,xqn,x〉+ 〈pn,yqn,y〉+ 〈pn,zqn,z〉. We start by calculat-
ing 〈pn · qn〉 for bead n of a semiflexible Rouse chain
with an arbitrary angle potential of the form Uθn =
−λF (cos θn) in the limit ∆t → 0. Within our subse-
quent calculus, we will first restrict ourselves to the case
∆n = 1. However, as we will argue below, the same value
for 〈pn · qn〉 is obtained for larger ∆n. Furthermore, we
assume that k has a uniform value, while the friction co-
efficient may depend on n, i. e. ζ = ζn (note that the
choice of a uniform k for PEO is supported by the MD
data, since we observe an identical distribution function
for all Kuhn bonds Rn −Rn−∆n).
As a starting point of our calculus, we separate pn ·qn
into its individual contributions, i. e.
pn · qn = pn,bond · qn + pn,bend · qn + pn,noise · qn, (5)
where pn,bond, pn,bend and pn,noise arise form the har-
monic bonds, the stiffness potential and the fluctuating
force, respectively. For an elementary time step in the
BD simulations, we have according to the equations of
motion
pn,bond · qn =
k
ζn
(rn − rn−1) · (rn−1 − rn)
=
k
ζn
[
−(r2n−1 + r
2
n) + 2 rn−1 rn (rˆn−1 · rˆn)
]
(6)
and
pn,bend · qn =
λ
ζn
[−∇nF (cos θn)] · (rn−1 − rn)
=
λ
ζn
∂F (cos θn)
∂(cos θn)
[
rn
rn−1
+
rn−1
rn
]
×
[
(rˆn−1 · rˆn)
2 − 1
]
,
(7)
where we have used the notation rn−1 = Rn − Rn−1
and rn = Rn+1 −Rn for the two bond vectors entering
qn, rn−1 and rn denote their respective lengths, and the
hats indicate unit vectors. The Hamiltonian of the entire
chain is given by
H =
k
2
N−1∑
n=1
r2n − λ
N−1∑
n=2
F (rˆn−1 · rˆn) . (8)
Thus, the expectation value 〈pn · qn〉 is given by
〈pn · qn〉 = 〈pn,bond · qn〉+ 〈pn,bend · qn〉
=
k
ζn
ΠN−1m=1
∫∞
−∞
d rm pn,bond · qn exp (−β H)
ΠN−1m=1
∫∞
−∞
d rm exp (−β H)
+
λ
ζn
ΠN−1m=1
∫∞
−∞
d rm pn,bend · qn exp (−β H)
ΠN−1m=1
∫∞
−∞
d rm exp (−β H)
(9)
since 〈pn,noise · qn〉 = 0. Interestingly, Eqs. 6, 7 and
8 only depend on the relative orientation of rn−1 and
rn as well as their respective lengths. Thus, when cal-
culating the thermodynamic average 〈pn · qn〉, one can
average over all possible orientations of a given bond
vector rm relative to the adjacent bond vector rm−1
4in chain-internal spherical coordinates, i. e.
∫∞
−∞ d rm →∫∞
0 d rm r
2
m
∫ pi
0 d θm sin θm
∫ 2pi
0 dφm. Finally, one can av-
erage over all possible orientations of the last bond vec-
tor r1 in absolute space. The Gaussian integrals for the
squared bond lengths r2n can now easily be solved. For
the integrals over the bonding and the bending forces
(Eq. 9), denoted as Ibond and Ibend in the following, as
well as for the partition function Z in the denominator
of Eq. 9, this leads to
Ibond = Π
N−1
m=1
∫ ∞
0
d rm r
2
m
∫ pi
0
d θm sin θm
∫ 2pi
0
dφm
[
−(r2n−1 + r
2
n) + 2 rn−1 rn (rˆn−1 · rˆn)
]
exp (−β H)
= 2 (2pi)2 (βk)−4
[
(2pi3(βk)−3)1/2 I0
]N−3 ∫ 1
−1
d un [−3pi + 8un] exp (βλF (un)) ,
(10)
Ibend = Π
N−1
m=1
∫ ∞
0
d rm r
2
m
∫ pi
0
d θm sin θm
∫ 2pi
0
dφm
∂F (cos θn)
∂(cos θn)
[
rn
rn−1
+
rn−1
rn
] [
cos2 θn − 1
]
exp (−β H)
= 8 (2pi)2 (βk)−3
[
(2pi3(βk)−3)1/2 I0
]N−3 ∫ 1
−1
d un
[
u2n − 1
] ∂F (un)
∂un
exp (βλF (un)) ,
(11)
and
Z = ΠN−1m=1
∫ ∞
0
d rm r
2
m
∫ pi
0
d θm sin θm
∫ 2pi
0
dφm exp (−β H)
= 2
[
(2pi3(βk)−3)1/2
]N−1
IN−20 ,
(12)
where I0 =
∫ 1
−1
d um exp (βλF (um)) defines the inte-
gral over any bonding angle with m 6= n, and um =
cos θm has been substituted for all m. Using inte-
gration by parts for
∫ 1
−1
dum um exp (βλF (um)) and∫ 1
−1 dum exp (βλF (um))F
′(um), Eq. 9 simplifies to
A˜n := 〈pn · qn〉 = −
6
βζn
. (13)
Thus, despite the additional angle potential, one has the
same short-time value for 〈pn · qn〉 as for a Rouse chain.
For the terminal monomers, one can show in analogy that
the short-time value
A˜1 = A˜N := 〈pn · qn〉 = −
3
βζn
(14)
is also independent of both k and λ.
For larger ∆n, one might wonder if the adjacent bond-
ing angles, located at monomers n − 1 and n + 1, also
contribute to the dynamics of monomer n. However,
the net bending forces, resulting from Uθn−1 and Uθn+1,
vanish since the monomers n − 2 and n + 2 acquire all
possible orientations in thermal equilibrium (in particu-
lar due to the rotation around the bonds rn−1 and rn).
Consequently, for an elementary time step, one also has
〈pn · qn〉 = − 6/(βζn) for ∆n > 1.
B. Numerical Calculation
Fig. 2 shows the short-time regime of the correla-
tor A˜n(∆t) := 〈pn(∆t) · qn〉 for a terminal (black
solid line) and a central (black dashed line) monomer
of the SFCM as determined from a BD simulation, in
which a uniform ζ-value has been used. In order to
convert the model curves to standard units, the time
axis has been scaled by the ratio of the end-to-end-
vector relaxation times τR of the SFCM and PEO. To
this purpose, we used a Kohlrausch-Williams-Watts fit
for the end-to-end vector autocorrelation function, i. e.
〈Re(0) ·Re(0)〉 = 〈R
2
e〉 exp (−(t/τ)
β), where τR is given
by τR = τβ
−1Γ(β−1), and Γ is the gamma function. The
ordinate has been normalized by the short-time values of
the homogeneous SFCM with ζn = ζ (i. e. Eqs. 13 and
14, respectively).
As expected, A˜n(∆t) approaches the value ζ
−1
n in the
limit ∆t→ 0. On larger time scales, however, the curves
decay due to the relaxation of the local chain curvature
expressed by qn.
In addition, we also calculated A˜1(∆t) for a SFCM,
in which (a) the terminal monomers (i. e. n = 1 and
n = 48) and (b) the four outermost monomers (n = 1−4
and n = 45 − 48) had a different friction coefficient ζ1
(or ζ{1−4}, respectively) than the other monomers (in
particular ζ1 = 0.9 ζ, ζ1 = 0.98 ζ, ζ1 = 1.02 ζ and ζ1 =
1.1 ζ). Also for the model systems with heterogeneous
mobilities, the short-time value of A˜1(∆t) can clearly be
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FIG. 2. Short-time regime of the correlator A˜n(∆t) :=
〈pn(∆t) · qn〉 for a terminal (black solid line) and a central
(black dashed line) SFCM monomer. Additionally, ζn has
been changed for specific monomer positions, namely (a) for
the terminal monomers (n = 1 and 48, solid colored lines)
and (b) for the four outermost monomers (n = 1 − 4 and
45−48, dotted colored lines). The ordinate has been normal-
ized by the short-time values of the homogeneous SFCM (i. e.
ζn = ζ). The error bars are smaller than the line thickness.
identified with ζ−11 (Fig. 2). Moreover, for a given ζ1,
A˜1(∆t) is nearly the same for the SFCM with ζ1 at the
end monomer only (scenario a) and the SFCM in which
the four outermost monomers have a different ζ{1−4}-
value (scenario b). Thus, also numerically, our method
is able to determine ζn on a quantitative level.
With increasing ∆t, the A˜n(∆t)-curves of all mod-
els converge asymptotically towards the same long-time
value, meaning also that all information about the mo-
bility ζ−1n is lost. This is an important point, since it
turns out that a chemically realistic polymer chain such
as PEO does not display a short-time plateau because of
the microscopic potentials of the backbone and its ballis-
tic dynamics in the sub-picosecond regime (these issues
are discussed in Section VI and also in our previous pub-
lications20,25). Due to these effects, the ζn for PEO can
only be extracted at larger ∆t. In our previous work20,
we found that the monomer-averaged A˜(∆t)-curves for
PEO and for the homogeneous SFCM agree with each
other from about ∆t = 10 ps on, thus defining a mini-
mum time scale for the determination of the monomeric
PEO mobilities. At the same time, however, the agree-
ment of A˜(∆t) between SFCM and PEO for ∆t ≥ 10 ps
also allows one to extract the PEO mobilities by com-
parison with the model curves. That is, the A˜1-curves in
Fig 2 can be utilized to determine the relative mobility
of the terminal and central PEO monomers.
The remaining issue now is to estimate in how far the
A˜1-curves are still governed by the local mobility ζ
−1
1 for
∆t ≥ 10 ps, since the dynamics of a particular monomer
will also be influenced by the other monomers in the seg-
ment beyond the microscopic time scale. Thus, it is a pri-
ori uncertain with which accuracy an unknown ζ1-value
can be determined from an observed A˜1. To elucidate
this, we plotted A˜1(∆t) versus the underlying friction co-
efficient ζ1 (which is known in case of the model chains)
for ∆t = 10 ps and ∆t = 30 ps. It turns out that their de-
pendence is linear (see appendix A). In particular, when
normalizing both quantities by the respective values for
the homogeneous SFCM, i. e. A˜1,homo and ζ, the data
can be described by
A˜1(∆t)
A˜1,homo(∆t)
− 1 = ρ(∆t)
[
ζ1
ζ
− 1
]
, (15)
which provides a translation rule between any observed
A˜1 and the corresponding ζ1-value. For the SFCM in
which only the end monomers have a different mobility
(scenario (a), see above), we find ρ(10 ps) = 0.69 and
ρ(30 ps) = 0.55. When the four outermost monomers
have different mobilities (scenario (b)), one has larger val-
ues, i. e. ρ(10 ps) = 0.82 and ρ(30 ps) = 0.72. For PEO,
however, not only the mobility of the chain ends relative
to the central monomers is unknown, but also how many
successive monomers at the ends might be affected by
the different intermolecular environment, and therefore
might display a different mobility. That is, speaking in
terms of the SFCM, it is unclear if scenario (a) or (b) bet-
ter describes the real physical situation, and thus which
model is more appropriate to determine ζ1 from the PEO
data. Therefore, we tested the robustness of our method
by extracting ζ1 according to Eq. 15 of one model using
the ρ(∆t)-values of the other model. For both combi-
nations, we find that the extracted ζ1-values deviate by
no more than 3 % from the true values. Altogether, this
clearly demonstrates that the local mobility of a given
monomer can be determined with high precision using
the SFCM curves from Fig 2.
It should be noted, however, that the dynamical behav-
ior beyond the short-time limit also depends on the pre-
cise value of the chain stiffness (characterized by λ for the
SFCM, see Eq. 1). However, since we already matched
the characteristic ratio of the SFCM to that of PEO (sec-
tion II), the interpretation of the PEO data (section VI)
remains unaffected, and we refer to appendix B for a dis-
cussion of this effect.
In principle, when only comparing the model systems,
one could obtain the same information from the short-
time MSDs (not shown). However, for a realistic poly-
mer chain such as PEO, the MSDs in this regime are
dominated by dynamical contributions arising from the
complicated, microscopic potentials (see below), whereas
the model-chain behavior emerges only on longer time
scales, which in turn is mainly governed by the global
polymer motion. Contrarily, the analysis shown in Fig. 2
is strictly local, as An(∆t) is only sensitive to the relax-
ation of a given monomer within the local curvature qn.
In other words, whereas all non-ideal dynamical contri-
butions accumulate in the MSD for a realistic polymer
melt, they act as random noise in the pq-analysis, pro-
vided that they are non-systematic with respect to qn.
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FIG. 3. Radial distribution function of the terminal (n = 1
and n = 48) and the central (n = 24 and n = 25) PEO
monomers in the melt. The average was performed over all
chains and all initial time frames. For clarity, the curve of the
central monomer has been divided by two in the inset.
In summary, the observable A˜n(∆t) clearly allows the
extraction of the bare mobility of a given SFCMmonomer
from its short-time value. Contrarily, on time scales
larger than about 30 ps, A˜n(∆t) is also governed by the
motion of the neighbor monomers, and thus rather corre-
sponds to an effective mobility. In this regime, however,
the ∆t-dependence of the SFCM curves also becomes af-
fected by the specific value of λ (Eq. 1).
IV. STRUCTURAL PROPERTIES
Fig. 3 shows the radial distribution function of the
ether oxygens of the PEO chains. This quantity has been
computed for both the terminal (n = 1 and n = 48) and
the central (n = 24 and n = 25) PEO monomers. The
average has been performed over all chains in the simu-
lation box as well as over all initial time frames. Up to
approximately 0.4 nm, two intramolecular peaks around
r = 0.28 nm and r = 0.36 nm can be observed, corre-
sponding to the neighbor monomer(s). The occurrence
of two peaks indicates the existence of two preferred con-
formations (note that the root mean squared distance
between the oxygen atoms of two bonded monomers is
about 0.32 nm). Naturally, these peaks are approxi-
mately twice as high for n = 24 due to chain connec-
tivity (see inset of Fig. 3, where the curve of monomer
24 has been divided by two). When going to distances
of about 0.4− 0.5 nm, one indeed observes that the ter-
minal monomer has more intermolecular neighbors in its
first coordination shell than the central monomer.
Of course, these observations are not very surprising,
since the different intermolecular structure in the vicin-
ity of terminal and central monomers seems only logical.
However, as pointed out above, exactly these differences
may also alter the dynamical behavior beyond the gen-
eral differences due to the dissimilar chain connectivity,
which are already contained in the Rouse model.
V. MEAN SQUARED DISPLACEMENT
In order to get a first impression of the polymer mo-
tion, we start with the MSD, which can be regarded as
the standard tool to study the dynamics in simulations.
For the monomeric MSDs, one generally observes that
for intermediate time scales (i. e. τR/N
2 ≤ ∆t ≤ τR,
with τR being the Rouse time) the outer monomers
move faster than the central segments4–6. Naturally, this
regime is already highly affected by the connectivity con-
straints of the chain, which are less present for the end
monomers. This is also confirmed in Fig. 4, which shows
the MSDs of the terminal and the central PEOmonomers
in the center-of-mass frame. As stated above, the outer
monomers are faster for all ∆t shorter than τR, mainly
as a result of the chain connectivity. The MSDs of the
respective SFCM monomers are plotted as black solid
(terminal) and black dashed (central) line in Fig. 4. For
both the central and the outer monomers, one observes
that the MSD of the SFCM is lower than the PEO curve.
These deviations can be related to the more complicated
local potentials for the latter system. When comput-
ing the MSD in absolute coordinates, the mismatch be-
tween PEO and SFCM becomes even worse due to the
well-known, non-ideal center-of-mass motion of polymer
chains in realistic melts18,26–29, which is subtracted in
Fig. 4. For these reasons, it is difficult to judge solely
from the monomeric MSDs whether the Rouse assump-
tion of a uniform ζ also holds for the PEO melt.
VI. APPLICATION OF THE PQ-METHOD
Alternatively, the local dynamics of the individual
PEO monomers can be evaluated by the pq-method,
yielding an effective mobility free from connectivity ef-
fects. The A˜n(∆t)-curves for the terminal (circles) and
the central (triangles) PEO monomers as well as the cor-
responding curves for the SFCM with a uniform ζ-value
(black lines) are shown in Fig. 5. As above, the ∆t-axis of
the model curves has been scaled by the ratio of the τR-
values of PEO and the SFCM. The A˜n(∆t)-axis has been
scaled by the ratio of the mean squared Kuhn lengths b2
and the τR ratio.
In case of PEO, we notice that, unlike for the SFCM,
no short-time plateau emerges on time scales shorter than
10 ps (not shown in Fig. 5). Rather, A˜n(∆t) increases
steadily with decreasing ∆t, thus yielding no direct ac-
cess to the monomers’ mobilities. Of course, this be-
havior is not too surprising, since it seems likely that the
chemical potentials and the excluded volume interactions
give rise to additional systematic contributions to the
short-time dynamics of PEO. However, for ∆t ≥ 10 ps,
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FIG. 4. MSDs of the terminal and the central monomers for
PEO (symbols) and the SFCM (lines). All curves have been
computed in the center-of-mass frame of the chain. The inset
shows the ratio of the center-of-mass MSD in direction of
the end-to-end vector Re relative to the total center-of-mass
MSD for PEO. The dashed line indicates the ideal value for
isotropic diffusion.
one observes reasonable agreement between PEO and the
SFCM for both monomer positions, demonstrating that
the SFCM basically captures the local dynamical features
of the PEO chains in the melt on all except shortest time
scales. In particular for ∆t ≈ 10 ps, for which the SFCM
dynamics is still mainly governed by ζn (see discussion in
context with Fig. 2), the agreement is quantitative. This
demonstrates that the short-time mobilities of the indi-
vidual PEO monomers are uniformly distributed, thus
confirming the classical Rouse assumption.
Apart from the short-time deviations between PEO
and the SFCM, minor deviations also become noticeable
for the terminal monomers on intermediate time scales,
i. e. ∆t ≈ 20 − 200 ps. This can also be seen in the
inset of Fig. 5, which shows the curve of the terminal
PEO monomer in the time window of 8−200 ps together
with the model curves from Fig. 2 (i. e. ζ1 = 0.9 ζ and
ζ1 = 1.1 ζ). It seems that the dynamics of the terminal
PEO monomer on this time scale rather corresponds to
that of an SFCM monomer with ζ1 ≈ 1.1 ζ, although it is
unclear whether this apparent agreement is just by mere
coincidence. Especially due to the fact that A˜1(∆t) for
PEO agrees with the SFCM at ∆t ≈ 10 ps, and also the
central and the monomer-averaged A˜(∆t)-curves agree
for all ∆t ≥ 10 ps, the naive interpretation ζ1 ≈ 1.1 ζ for
∆t ≈ 20− 200 ps has to be considered carefully. Within
this context, it is also important to bear in mind that
the dynamics on the time scale of ∆t ≈ 20 − 200 ps is
not solely determined by ζ−1n , but also by the motion of
more remote monomers, and, more importantly, the de-
tails of the chemical potentials (cf. discussion of Fig. 2).
Of course, in contrast to the effective-medium picture of
the Rouse model or the SFCM derived thereof, the mo-
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FIG. 5. Correlator A˜n(∆t) as a function of ∆t for PEO
(symbols) and for the SFCM (lines) for terminal and cen-
tral monomers. The inset shows the curve for the terminal
PEO monomer together with the model curves from Fig. 2 in
the range ∆t = 8− 200 ps. For all curves, the error bars are
smaller than the line thickness/symbol size.
tion of the PEO monomers is not only affected by the
chain connectivity, but also by intra- and intermolecular
excluded volume interactions.
A first indication that these two effects (i. e. chain con-
nectivity and correlated motion of neighbors) have a dif-
ferent impact on a terminal and on a central monomer is
given by the following observation: The average time dur-
ing which a terminal monomer diffuses a distance approx-
imately equal to the size of its own coordination sphere
(i. e. rc = 0.78 nm, as estimated from the extent of the
first intermolecular peak in Fig. 3) is about ∆t ≈ 66 ps
(Fig. 4), thus falling exactly into the range of 20−200 ps
where the deviations in Fig. 5 occur. Contrarily, the
average central monomer has not diffused this far until
200 ps. That is, the coordination sphere of a terminal
monomer itself, mostly consisting of central monomers
which are intrinsically slower due to chain connectivity,
relaxes on larger time scales than the self-motion of the
outer monomers. In case of the central monomers, the
intermolecular surroundings (modeled as frictious back-
ground in the Rouse model) relax on the same time scale
as the tagged monomer.
Another fundamental difference is that a terminal
monomer may exit its initial coordination sphere either
by moving away from the center of the polymer chain,
thus paving the way for the remaining part of the PEO
molecule (subsequently termed as head monomers), or
by following the contour of the rest of the chain (tail
monomers, see snapshots from the MD simulations in
Fig. 6, where these two events have been identified).
In contrast to this, there is no such asymmetry for a
monomer located in the center of the chain, as these
monomers experience backdragging forces on both sides.
In order to investigate these directional correlations
8FIG. 6. Snapshots from the MD simulations for two events
which have been identified as head (left) or tail monomer
(right) at ∆t = 36 ps. The tagged chain is shown in blue,
whereas the surrounding monomers in the first coordination
sphere of the initial configuration are shown in red. The ter-
minal monomer is shown in light blue. The snapshots have
been created with VMD30.
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in more detail, we modified our analysis in the fol-
lowing way: For a given displacement ∆R
(1−5)
cm (∆t) =
R
(1−5)
cm (t+∆t)−R
(1−5)
cm (t) of the terminal Kuhn segment
(monomers 1−5, with center-of-mass position R
(1−5)
cm ), a
distinction was made whether it moved in or against the
direction of the q1-vector. In this way, one can distin-
guish between head monomers (∆R
(1−5)
cm (∆t)·qˆ1(t) > 0),
where the terminal Kuhn segment moves in front of the
adjacent segments, and tail monomers (∆R
(1−5)
cm (∆t) ·
qˆ1(t) < 0), where this segment follows the local chain
contour. These two contributions to A˜1 and to A˜24 are
shown in Fig. 7 (see also snapshots from the MD sim-
ulations in Fig. 6). For n = 24, the criterion to define
head and tail monomers was if the center of mass of the
subchain defined by the monomers n − ∆n, . . . , n, or,
alternatively, n, . . . , n+∆n moved in or against the di-
rection of the bond vector of the respective Kuhn seg-
ment (see also sketch in Fig. 1). Note that in both cases
the curves for the head monomers have also negative val-
ues, which result from their head-monomer definition.
Naturally, trivial head and tail contributions can also be
observed for the SFCM (Fig. 7) due to the bias result-
ing from the distinction between heads and tails. In-
terestingly, despite the good agreement of the average
curves (in particular for n = 24), the absolute values
of both head and tail contributions for PEO are larger
than for the SFCM. This is a consequence of the ad-
ditional excluded volume, since for PEO all monomers
within one Kuhn segment move much more correlated.
Thus, the short-time displacement of a PEO monomer
will already be significantly influenced by the motion of
the other monomers in the segment, whereas the SFCM
monomers can interpenetrate each other and thus exhibit
weaker motional correlations (which even vanish in the
limit ∆t → 0). Remarkably, for both the terminal and
the central monomers, the head and tail contributions
roughly cancel each other, and the local PEO dynamics
in the melt is essentially the same as for a phantom chain
(with minor deviations for the terminal monomers).
Of course, for PEO, one might wonder if the differ-
ent coordination sphere of the terminal monomers af-
fects the surrounding monomers themselves. For in-
stance, it has recently been found for melts consisting of
poly(propylene oxide) oligomers that the average poly-
mer relaxation is faster compared to melts of longer
chains (i. e. N ≥ 20), which could be attributed to the
larger free volume of the chain ends19. In analogy, one
might expect a similar effect for the local mobility. To
this purpose, we calculated A˜n(∆t) for all intermolec-
ular neighbors of the terminal monomers (i. e. up to a
maximum distance of 0.5 nm, cf. Fig 3). In total, we
only observe a marginal increase of A˜n(∆t) of up to 5 %,
which is most pronounced for time scales below 10 ps and
becomes negligible for larger ∆t (not shown). Thus, also
the monomers in the vicinity of a chain end essentially
display Rouse-like motion on local scales.
Finally, the enhanced correlations of the monomer dy-
namics along the PEO backbone also manifest them-
selves in the MSD of the center of mass of the PEO
chains. Apart from the well-known subdiffusivity on time
scales shorter than τR, which has been found in sev-
eral simulations18,26–29, experiments28,31 and theoretical
analyses29,32–35, we additionally observe that the center-
of-mass diffusion is slightly anisotropic with respect to
the orientation of the end-to-end vector Re. This is
demonstrated by the inset of Fig. 4, which shows the
ratio of the component parallel to Re relative to the to-
tal center-of-mass MSD, i. e. 〈[(Rcm(t+∆t) −Rcm(t)) ·
Rˆe(t)]
2〉/〈[Rcm(t + ∆t) − Rcm(t)]
2〉. In the absence of
anisotropies one would expect an ideal ratio of 1/3. How-
ever, the actual ratio is larger for all ∆t shorter than the
9Rouse time (τR ≈ 8.5 ns for PEO). This shows that the
preferential motion is along the primary axis of the chain,
i. e. parallel to Re. In how far the observed anisotropy is
related to the fact that real polymer coils are not spheri-
cal, but rather stretched in direction of Re
36,37 might be
investigated more thoroughly in future work.
In addition to these correlations, memory effects may
come into play, which could cause additional differ-
ences between head and tail monomers. That is, when
a monomer moves either direction, the surrounding
monomers would occupy the newly available space in this
scenario, and thus block the backward motion.
VII. CONCLUSION
In this contribution, we checked the fundamental
Rouse assumption of a uniform friction coefficient on all
monomers for a PEOmelt. The mobilities were extracted
from MD simulations using our previously developed pq-
method20, which avoids the classical mode picture and
rather employs a Langevin-like equation to characterize
the local polymer dynamics. In contrast to the MSD,
this procedure leads to the cancellation of the non-trivial
terms for PEO, which arise from the additional chemical
potentials. In order to interpret the local PEO dynamics,
we used a semiflexible phantom chain as a reference.
During the course of our analysis it turned out that the
effective mobility of both the terminal and the central
PEO monomers is essentially the same as for the SFCM
for ∆t ≈ 10 ps. However, this agreement results from the
nearly quantitative cancellation of the more complicated
interactions in the PEO melt. A more detailed analy-
sis revealed that the relaxation with respect to the local
chain curvature expressed by qn can be decomposed in
two individual contributions (head and tail monomers),
depending on the direction of motion of the Kuhn seg-
ment under consideration. Due to the correlated motion
in PEO arising from the excluded volume interactions,
both head and tail contributions are larger for PEO. Re-
markably, these contributions approximately cancel, and
the mobility is roughly the same for all PEO monomers.
Minor deviations (up to ten percent) only become no-
ticeable on intermediate time scales (∆t ≈ 20 − 200 ps)
for the terminal monomers, for which the head and tail
dynamics is not entirely equal.
As reported previously25, our findings clearly demon-
strate that the pq-method yields complementary infor-
mation on the dynamics of macromolecular systems. In
further work one might study in how far the chain end ef-
fects persist or enhance when approaching the glass tran-
sition temperature (cf. the Flory-Fox equation). More-
over, the pq-method is also supposed to yield fruitful re-
sults for confined polymer melts38,39 or complex polymer
architectures40.
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Appendix A: Relation between A˜n(∆t) and mobility ζ
−1
n
In order to estimate in how far the A˜1-curves are gov-
erned by the local mobility ζ−11 for larger ∆t-values,
Fig. 8 shows A˜1(∆t) as a function of the underlying fric-
tion coefficient ζ1 (which is known in case for the SFCM)
at ∆t → 0, ∆t = 1 ps, ∆t = 3 ps, ∆t = 10 ps and
∆t = 30 ps. By normalizing both quantities by the re-
spective values for the homogeneous SFCM, i. e. A˜1,homo
and ζ1 = ζ, the data can be described by Eq. 15. The
resulting ρ(∆t)-values are presented in Table I.
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FIG. 8. Normalized A˜1-values in dependence of the underly-
ing ζ1 employed in the BD simulations for various ∆t.
ρ(∆t)
∆t terminal monomers four outermost monomers
∆t → 0 1.00 1.00
1 ps 0.93 0.95
3 ps 0.85 0.89
10 ps 0.69 0.82
30 ps 0.55 0.72
TABLE I. Fitting parameter ρ (Eq. 15) for the SFCM models
as a function of ∆t as extracted from Fig. 8.
Appendix B: Influence of the chain stiffness λ on A˜n(∆t)
Fig. 9 shows A˜1(∆t) for the homogeneous SFCM and
for an SFCM in which the terminal monomers have a fric-
tion coefficient of ζ1 = 0.9 ζ for two additional values of λ
(i. e. βλ = 1.2 and βλ = 3.6, Eq. 1). One clearly observes
that the different stiffness gives rise to a quantitatively
10
different decay of A˜1(∆t), and only the asymptotic short-
time limit remains unaffected. Thus, when comparing
the dynamics of the SFCM with another polymer species
such as PEO on larger time scales (section VI), one has
to adjust the stiffness of the model chain, as e. g. done
in the present work by reproducing the C∞-value.
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FIG. 9. Correlator A˜n(∆t) for the homogeneous SFCM and
the SFCM with ζ1 = 0.9 ζ for different lambda values (in units
of kBT , Eq. 1).
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